Peptides of defined length carrying a diazirine photoaffinity label attached either to the a-NH 2 group of the N-terminal methionine residue, or to the e-NH 2 group of an immediately adjacent lysine residue, were prepared in situ on Escherichia coli ribosomes in the presence of a synthetic mRNA analogue. Peptide growth was stopped simply by withholding the aminoacyl-tRNA cognate to an appropriate downstream codon. After photo-activation at 350 nm the sites of cross-linking to ribosomal RNA were determined by our standard procedures; the C-terminal amino acid of each peptide was labelled with tritium, in order to confirm whether the individual cross-linked complexes contained the expected 'full-length' peptide, as opposed to shorter products. The shortest peptides became cross-linked to sites within the 'peptidyl transferase ring' of the 23S RNA, namely to positions 2062, 2506, 2585 and 2609. However, already when the peptide was three or four residues long, a new crosslink was observed several hundred nucleotides away in another secondary structural domain; this site, at position 1781, lies within one of several RNA regions which have been implicated in other studies as being located close to the peptidyl transferase ring. Further application of this approach, combined with modelbuilding studies, should enable the path of the nascent peptide through the large ribosomal subunit to be definitively mapped.
INTRODUCTION
It is generally accepted that the peptidyl transferase centre is located at the base of the central protuberance of the 50S ribosomal subunit, on the side facing the 30S subunit (1, 2) . However, the nascent protein appears to leave the ribosome from a site almost diametrically opposite, at the base of the 50S subunit on the solvent side (3) . The important question as to how the growing peptide progresses between these two sites has not yet been solved. Yonath et al. (4) have proposed that the peptide passes through the 'tunnel' which they observed in threedimensional reconstructions of the 50S subunit, but other authors (5) prefer the concept of a 'channel' on the subunit surface. One obvious approach to investigate this problem is to make a systematic 'site-directed' cross-linking study, using a defined set of peptides carrying an affinity label at or near to their Nterminus. Such a study was undertaken some time ago by Cantor et al. (6) , but their experiments had the dual disadvantages that the peptide analogues were not synthesized in situ on the ribosome (and may therefore have failed to become correctly located in the channel or tunnel), and that their study was at that time limited to an analysis of the cross-linked ribosomal proteins.
The recent observation (7) that the region of the peptidyl transferase centre is rich in RNA, together with the possibility that the peptidyl transferase activity itself is mediated by the RNA (8) , have prompted us to start a new 'RNA-oriented' investigation into the path of the nascent peptide, using affinity-labelled peptides biosynthesized in situ on the ribosome and taking advantage of techniques recently developed in our laboratory (9) (10) (11) for the analysis of cross-link sites at nucleotide resolution on the large ribosomal RNA molecules. The affinity reagent which we have chosen for this purpose is the N-hydroxysuccinimide ester of 4-(3-trifluoromethyl diazirino)-benzoic acid (12, cf. 13) . Such diazirine derivatives have been successfully applied in a number of cross-linking studies with proteins or peptides (e.g. 14,15), and have the advantage that they can be photoactivated at 350 nm (13) ; since the ribosome is 'transparent' at this wavelength, it should be possible for the affinity-labelled peptides to form cross-links even when the label is deeply buried in the 50S subunit. Here we present the first results of our cross-linking analyses using this approach, with peptides up to four amino acids in length. 123456789 10 Tl 12345678 5 6 7 8 9 10 11. 5 6 7 8 a preferred cross-linking partner as is the case with longer-lived radicals.
The regions of the 23S RNA involved in cross-links to the various diazirine-derivatized peptides were determined by digestion with ribonuclease H in the presence of pairs of oligodeoxynucleotides complementary to selected sequences in the 23S molecule (9-11). Short 23S RNA fragments carrying S-methionine specific activity (so as to obtain strong autoradiograms, as in Figure 1 ), and at low 35 S-activity (so as to be able to accurately monitor the 3 Hradioactivity from the C-terminal amino acid). The latter measurements showed that the weak 155-nucleotide band (lane 9, panel B) contained no tritium, demonstrating that only products shorter than the tetrapeptide were present in this case (cf. Table  1 , below). Panels C and D show similar data from the peptides MK* and MK*FE, respectively. Here again, the 230-nucleotide band in lane 6 can be seen in the gel from the tetrapeptide (panel D), but not from the dipeptide (panel C). Otherwise the gels are very similar to those of panels A and B, with the notable exception that the 155-nucleotide band in lane 9) is very weak. Table 1 ). "Cross-linked band visible on ribonuclease H gel (cf. Figure 1, Figure 1 ). As noted above and in Materials and Methods, the radioactivity in the bands from the ribonuclease H gels was measured, so as to compare the contributions from the N-terminal 35 S-methionine and from the C-terminal 3 Hlabelled amino acid. A typical analysis for each of the cross-linked 23S RNA regions I to V is given in Table 1 , for the case of the tri-and tetrapeptides M*KF and M*KFE, respectively (cf. Table  2 , below).
Further localizations of the cross-link sites within the 23S RNA regions I to V were made by the primer extension method (20, 11) , and typical examples of the reverse transcriptase gels obtained are illustrated in Figure 2 . However, before describing this Figure, it is appropriate to briefly discuss the limitations of this technique in the analysis of cross-link sites. Whereas in a foot-printing type experiment (e.g. 22) the reverse transcriptase has to recognize a nick or modified nucleotide in a single RNA chain, in a cross-link analysis the bulky cross-linked ligand-in this case the tRNA-remains covalently attached to the RNA during the primer extension analysis. This has the consequence that the reverse transcriptase tends to 'stutter' as it approaches the cross-link site, as we (11) and other authors (23) have observed, thus making it difficult to pin-point the cross-link site precisely. Much more serious is the possibility that, during the annealing process with the primer, the RNA and cross-linked tRNA can form hybrid secondary or tertiary structures with one another, giving rise to additional pause or stop signals in the crosslinked sample lanes, which will be absent from the control lanes, but which are not cross-link sites. For this reason, we only regard a cross-link site as proven (10, 11, 31) if a reverse transcriptase stop signal is reproducibly observed within an RNA region that has already been unambiguously identified as closely as possible by the ribonuclease H tests using various combinations of oligodeoxynucleotides; spurious reverse transcriptase stop signals are not infrequently seen in our experiments outside the regions defined by the ribonuclease H, and in analyses which rely solely on the primer extension data-of which there are many examples in the literature (e.g. 24,25)-such signals would be interpreted as additional cross-link sites.
In the primer extension analyses shown in Figure 2 , the assays were carried out on the total (cross-linked plus non-cross-linked) 23S RNA samples, as in ref. 11 . It is therefore to be expected that reverse transcriptase stop signals at the cross-link sites are relatively weak, but nevertheless clear signals (which were also The complete set of data found in these experiments is summarized in Table 2 , and the locations of the five cross-link sites in the secondary structure of the 23S RNA (27) are shown in Figure 3 . Sites I to IV lie within the 'peptidyl transferase ring' (28) , whereas site V is in a different secondary structural domain. In the series of peptides containing derivatized methionine (Table  2) there is a clear shift in the pattern of cross-linking as the peptide becomes longer; cross-links II and III show a marked reduction in intensity, whereas cross-link IV increases, and cross-link V is only seen in significant amounts with the tetrapeptide M*KFE, (although traces were visible in the tripeptide M*KF). Crosslink I on the other hand remains approximately constant, although as can be seen from Table 1 the full-length peptide was involved in this cross-link in both the tri-and tetrapeptides as well as in the 'mono'-peptide ( Figure 1, panel A) . Since the length of the diazirine reagent (ca 7 A) is greater than the length of a single residue in the peptide chain (ca 4 A), it is reasonable that the same cross-link sites can be reached from the N-termini of peptides of different lengths; the peptides themselves may of course also contribute to this flexibility. The corresponding pattern with the peptides carrying derivatized lysine (Table 2) shows a different quantitative distribution of the cross-links (I -IV) within the peptidyl transferase ring, and here cross-link V already appears with the peptide MK*F, which is effectively only a dipeptide with regard to the distance between the affinitylabelled and C-terminal amino acids. This result is consistent with the greater length and flexibility of the lysyl side-chain as compared to methionine. The appearance of cross-link V in both sets of peptides suggests that the peptides with the N-terminal diazirine group are following the same path as those with the natural N-formyl terminus; deviations may however become apparent at a future stage, with longer peptides.
Taken together with previous cross-linking data (11, 29 , and cf. Figure 3) every one of the five single-stranded regions comprising the peptidyl transferase ring is now implicated as being close to or part of the peptidyl transferase centre itself. This is not trivial, since the ring consists of a total of 30 bases in single strands connecting five double-helices (Figure 3) , which-fully extended-would represent a circumference of about 300 A. The ring must therefore exist in a very compact configuration, and it is furthermore striking that the nucleotides involved in the cross-links coincide in several cases with those identified in tRNA foot-printing studies (22,26) ; the nucleotides concerned must in some way be particularly exposed. Cross-links II and III also coincide with the sites found by Steiner et al. (29) , who observed different patterns of cross-linking from an affinitylabelled aminoacyl residue, depending on whether it was located at the A or P site. However, this distinction was not corroborated by the tRNA foot-printing data (22) ; in particular the A site crosslink (29) was to nucleotides 2584-2585 (cf. Figure 3 ), positions which gave P site protection in the foot-printing studies (22) . In our experiments, puromycin tests (data not shown) indicated a predominant P site binding (ca 80%) of the peptides, but-given that at the moment of peptidyl tranfer the aminoacyl or peptidyl residues in the A and P sites must be in direct contact-any distinction between the two sites on the basis of cross-linking data is not likely to be very informative. Rather, the results of Table 2 indicate that the peptide length must change by several residues before a significant change in the cross-linking pattern occurs.
In the context of our investigation, cross-link V to position 1781 of the 23S RNA is the most important observation, as this provides a first clear indication of the direction taken by the growing peptide as it leaves the peptidyl transferase centre. Previous data have defined a number of regions of the 23S RNA which must lie adjacent to the peptidyl transferase ring, and which could therefore be potential candidates for contacts with the exiting peptide. From intra-RNA cross-linking studies these regions include helices 35, 40 and 72 (30) , or helix IV of the 5S RNA (31) . Similarly, the region of helices 80-84 contains several cross-links to protein L27 (32) , which has also been crosslinked to the aminoacyl residue of tRNA (e.g. 11). However, our data show that the exiting peptide is in fact directed towards helix 65 in domain IV of the 23S RNA, and it is noteworthy that nucleotides 1782 and 2609 (cf. cross-links IV and V) are among several pairs of nucleotides ( Figure 3 ) which have been identified as connecting domain IV to the peptidyl transferase region in other direct intra-RNA cross-linking studies (33) . We anticipate that the further application of our approach, in combination with refinements to the model which we have derived for the three-dimensional arrangement of the 23S RNA (33), will enable us to map the complete path of the nascent peptide through the 50S subunit, from the peptidyl transferase centre to the exit site. The location of cross-link V within helix 65 in our model of the 23S RNA (33) is consistent with the electron microscopic positioning (1,2) of the peptidyl transferase centre at the base of the central protuberance of the 50S subunit. On the other hand, our model (33) is only very preliminary in the region of the exit site (3) on the opposite side of the subunit, and therefore the question as to which parts of the 23S RNA sequence are likely to be located at or near the exit site remains open. However, preliminary experiments have already indicated that longer peptides finally 'break contact' with the peptidyl transferase ring altogether, and become successively cross-linked to sites within domain II and then domain I of the 23S RNA; these results will be presented in due course.
